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Abstract 

Models of type I seesaw can be implemented at the electroweak scale in a 
I natural way provided that the heavy neutrino singlets are quasi-Dirac particles. 

O I In such case, their contribution to light neutrino masses has the suppression of 

^ \ a small lepton number violating parameter, so that light neutrino masses can 

^ \ arise naturally even if the seesaw scale is low and the heavy neutrino mixing is 

1-^ \ large. We implement the same mechanism with fermionic triplets in type III 

•/^ \ seesaw, deriving the interactions of the new quasi-Dirac neutrinos and heavy 

\ charged leptons with the SM fermions. We then study the observability of heavy 

(— I \ Dirac neutrino singlets (seesaw I) and triplets (seesaw III) at LHC. Contrarily to 

common wisdom, we find that heavy Dirac neutrino singlets with a mass around 
gn; 100 GeV are observable at the 5cr level with a luminosity of 13 fb ^. Indeed, 

^ , in the final state with three charged leptons not previously considered, 

Dirac neutrino signals can be relatively large and backgrounds are small. In the 
triplet case, heavy neutrinos can be discovered with a luminosity of 1.5 fb~^ for 
^ : a mass of 300 GeV in the same channel. 
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§ : 1 Introduction 

00 : 

' The well-known seesaw mechanism provides a simple and natural way to give tiny 

masses to the three neutrinos present in the Standard Model (SM). In its initial re- 
^ \ alisation (type I seesaw) [1-4] the SM is enlarged with the addition of three heavy 

right-handed neutrino singlets {i = 1,2,3). These fields have Yukawa interactions 
with the SM left-handed lepton doublets L'-j^ as well as a Majorana mass term, 
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where is the SM Higgs doublet, V/^ = V-^ = {N'^j^Y and = ir20*, with the Pauli 
matrices. After electroweak symmetry breaking, these terms generate a mass matrix 
for neutrino fields and, in particular, an effective light neutrino mass matrix 

M, = -—YM-^Y^ , (2) 
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£Lss = -y^, L[,N'^R - 7^M,,N[,N'^^ + H.c. , (1) 
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where v = 246 GeV is the vacuum expectation value of the SM Higgs. For Yukawa 
couphngs Yij of order one without any particular symmetry, light neutrino masses 
nil, ~ 0.1 eV can be obtained if the heavy neutrino masses (which are approximately 
equal to the eigenvalues of M) are of the order rriN ^ 10^^ GeV, close to the unification 
scale. However, the drawback of this picture is that these new eigenstates are too 
heavy to be observable, and this "minimal" type I seesaw mechanism cannot be directly 
tested. Many attempts have been made in the literature to lower the heavy scale while 
successfully generating light neutrino masses compatible with experimental data. One 
possibility is to have very small Yukawa couplings. Indeed, in the SM only the top 
quark has a Yukawa coupling of order unity, while for the charged leptons they range 
from 2.9 x 10^® for the electron to 10~^ for the tau. But heavy neutrinos are still 
unobservable in this case because their mixing with the SM leptons, 



(3) 



is very small and they cannot be directly produced at an observable rate. For example, 
for heavy neutrino masses mjy ~ v the requirement rriy < 0.1 eV implies V^at < 10~^, 
giving a suppression factor of |V;Arp ~ 10~^^ for heavy neutrino production cross sec- 
tions. A more interesting possibility is to keep sizeable Yukawa couplings but introduce 
some symmetry which suppresses the seesaw- type contribution in Eq. (JS]). In the ex- 
amples known in the literature [5-11], this symmetry is lepton number. In this way, 
two nearly-degenerate heavy Majorana neutrinos with masses m^v ± yu/2 and opposite 
CP parities form a quasi-Dirac neutrino, whose contribution to light neutrino masses 
has the further suppression of the small ratio ii/rriN (see [12] and references there in). 
Then, this quasi-Dirac neutrino can have a relatively large mixing with the SM leptons, 
only constrained by electroweak precision observables [13]. 

The same mechanism can be implemented with fermionic triplets in type III seesaw. 
In its usual realisation [14, 15], type III seesaw introduces three fermion triplets 
[i = 1, 2, 3) with zero hypercharge, each of them consisting of one Majorana neutrino Ni 
and two Weyl spinors which can form a Dirac charged lepton Ei. Fermion triplets couple 
to the SM lepton doublets through Yukawa couplings and have Majorana mass terms as 
well. Similarly to type I seesaw, light neutrino masses are of order rriu ~ y^t>^/(2mAr) 
and the mixing of the heavy states is ~ Yv/ {\/2mN) (see next section). If the 
new particles are near the electroweak scale, light neutrino masses can be kept within 



experimental limits either with Y very smaljj or by requiring some symmetry. In 
this Letter we work out in detail the second possibility. In full analogy with type 



^Note that a sizeable mixing V is not necessary to observe the new heavy states, because they can be 
produced in pairs by unsuppressed gauge interactions and decay within the detector for Y > 10~^ [16]. 



2 



I seesaw, if the heavy neutrinos are quasi-Dirac particles the light neutrino masses 
get a further suppression /i/rriN, so that Yukawa couplings of order unity are possible 
with rriN at the electroweak scale. In this "Dirac" variant of type III seesaw each 
heavy quasi-Dirac neutrino N is associated with two charged leptons and E2 , 
the three of them with lepton number equal to one and nearly degenerate in mass, 
ttin — fTT-E^ — '^E^- Lepton number is conserved except for the light neutrino Majorana 
masses. We obtain the interactions between the new states iV, i^f, E2 and the SM 
leptons, finding substantial differences with the Majorana case, which affect their decay 
channels and the possible signals at colliders. It must be remarked that the seesaw 
mechanism with heavy quasi-Dirac neutrinos is naturally realised in models with new 
physics at the electroweak scale, like in little Higgs models with simple groups [17] or 
in models with extra dimensions and matter in the bulk implying infinite Kaluza-Klein 
towers of Dirac fermions (see for example Refs. [18,19]). 

After describing in detail this variant of type III seesaw, we study the observability 
of heavy Dirac neutrino singlets and triplets at the Large Hadron Collider (LHC). 
We follow the procedure previously used in Ref. [20], and systematically study all the 
observable multi-lepton signals (up to six leptons) including all signal contributions 
from the various production processes and decay channels. By comparing with the 
"minimal" seesaw I and III scenarios with heavy Majorana neutrinos studied in Ref. [20] 
we show that the discrimination between the two possibilities is very easy, provided that 
a positive signal is observed. In particular we also find that, in contrast with common 
wisdom, heavy Dirac neutrino singlets could be observed at LHC in the trilepton final 
state For example, a heavy neutrino with mjv = 100 GeV coupling to the muon 

with V^]^ — 0.0032 can be seen with 5(7 significance with only 13 fb~^ of luminosity. 
For a 300 GeV Dirac fermion triplet the discovery is possible with only 1.5 fb~^. 



2 Heavy Dirac neutrinos in type III seesaw 

Here we will follow the notation in Ref. [20] and quote some results obtained there 
without proof. Fermion triplets Ej, i — l,...,n (we leave their number arbitrary) 
are composed of three Weyl spinors of zero hypercharge, and we choose them to be 
right-handed under Lorentz transformations. They couple to the SM lepton doublets 
^'iL — i^L ^hl)'^ ('^^'^ ^1^^ primes for weak interaction eigenstates when necessary to 
distinguish them from mass eigenstates) and have a Majorana mass term, 

= -F,, L'^.iE, . f) - ^ M,,. 5 ■ S,. + H.c. , (4) 
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where = (S], S^, S^) are the triplets written in Cartesian components. Notice that 
all the members Sj, S^, S| of the triplet have the same mass, and the matrix M 
(which is symmetric) can be assumed diagonal in full generality. For each triplet Sj, 
the charge eigenstates are related to the Cartesian components by 

S; = ^(Sj-.S?), S; = S^ E7 = i=(Ej+,sJ), (5) 
and from them we can build one charged Dirac and one neutral Majorana fermion, 

E] = ST + , N'j = S° + . (6) 
With our choice of right-handed chirality for Sj, we have 

^L = ^r^ E^R = ^J^ A^L = Sf, A^H = S°. (7) 

After spontaneous symmetry breaking, the terms in Eq. ^ yield the neutrino and 
charged lepton mass matrices 

c„ ^ -iKivy(^«„ ^H.c., 

where we have defined u'-j^ = i/^£, N'-^ = N'-'^. Note that we have not specified the num- 
ber of triplets, so F is a matrix of dimension 3 x n and M is nxn. The mass eigenstates 
are obtained from the diagonalisation of these mass matrices. Their interactions with 
the SM leptons (with / = e, /x, r) are given by [20] 

Cw = -9 {Ea^N, W- + Ni^E, W;) 

- g (\^;v. Ea'PRi^i W- + V;^^ uiYPrE, w;^) , 

'Cz = gcw Ea^Ei 
Zcw 

+ {ViN^ i^PlE. + v:^^ Ea'pj) z, , 

= eEa^E.A^, 
C-H = 1^ {ViN. i^iPrN, + V,%^ N^P^ui) H 

+ {ViN. IPrE. + V;^^ E,Pd) H , (9) 
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where the mixing is 

- • 

In the general Majorana case, the mass eigenstates are Ei, Ni. This still holds when 
two Majorana neutrinos form a Dirac fermion, but in this case the two degenerate Ma- 
jorana states interfere, and further redefinitions are convenient to simplify the analysis. 
Then, let us assume that we have two Majorana neutrinos A^i and N2 degenerate in 
mass and with opposite CP parities (the small mass difference in the quasi-Dirac case 
is crucial in order to generate light neutrino masses but irrelevant for heavy lepton 
interactions). Moreover, their Yukawa couplings satisfy Yu^^ = iYi^^^, so that 

ViN, = ^VlN, . (11) 

The calculation of quantities such as cross sections for heavy neutrino production with 
subsequent decay can be done in terms of two interfering Majorana neutrinos A^i and 
N2 (each with two degrees of freedom). Alternatively, it can be done in terms of a 
Dirac neutrino with components 

Nl = ^{N,L + zN^l) , NR = ^{N,n + iN2R), (12) 

which has four degrees of freedom. The charged sector can also be described in terms 
of the two interfering degenerate states Ei, E2 or in terms of two fermions E^ , E2 
(the latter is positively charged), which are defined as 

E^^ ^ ^{E,L + iE2l) , E-^ ^ ^{E,R + 1E2R) , 

EtL^^{ElR + iE^2R), E+^^^{El^ + iEl^). (13) 

These states have diagonal couplings to the Dirac neutrino N and do not interfere in 
the processes analysed in this paper, so the description turns out to be much simpler. 
The interactions of the Dirac mass eigenstate fermions A^, E^ and E2 are obtained 
from Eqs. ([9]) for z = 1, 2 using Eqs. (fTTD-(fT3l). 



Cw = -g{ E^YN - NYEt) W; - g {N^E^ - Et^N) 
- [Vim I^PlN W; + V,*^ N^PJ W^) 

+ g [ViN m^PLEt w- + Vi% EtrPL^i w;:) , 

Cz = gcw ( E^Y'E^ - Eti^Et) Z, 

+ [ViN h'PiE^ + E^YPlI) Z, , 



5 



+ 



^ """^ {Vim PiPrN + V^^ TVP^i/,) H 
-{VimIPrE^ + V*^E^PlI)H, 



2Mw 



(14) 



w 



with TTiAT = m. 



m 



j+ and V^AT = \/2ViM-^ ■ The Feynman rules for these interactions 



are collected in the Appendix. The main differences with the Majorana case are: 

(i) the gauge couplings with two heavy fermions have opposite sign for E2 and E^ ; 

(ii) light neutrinos only couple to E2 , while light charged leptons only couple to E^ . 

On the other hand, the heavy Dirac neutrino couples to light charged and neutral 
leptons in the same way as a heavy Majorana neutrino, except that in the latter case 
the neutral couplings can be rewritten using N = N'^, u = u'^. These equations also 
show clearly that, if lepton number L = 1 is assigned to A^, E^ and E2, then it is 
conserved except for light neutrino masses. When the two Majorana states are not 
degenerate but have masses m^r ± and N is quasi-Dirac, lepton number violating 
(LNV) effects are of order ji/rri]^. 

There are several implementations of tliis meclianism in tlie heavy lepton mass 
matrices (see for example Refs. [5-11]). A particularly simple model can be built by 
assigning lepton number to the heavy triplets and requiring approximate lepton number 
conservation. Let us assume that we have two triplets Ei and S2, to which we assign 
lepton numbers equal to 1 and —1, respectively. Then, for one lepton generation the 
fields are 

l':^,l'^,E[^,E'2L,v':^,N[^, (L = l); K^^E'.^^E'^^ (L = -1) , (15) 



whereas the charge conjugate fields z/^ 



A^^ 



2L 



= N'^-^ have opposite 



lepton number. If we impose lepton number conservation, for one lepton generation 
the neutrino mass term is [21] 



/ vY \ 



r 



(-'r\ 



IR 



+ H.C. 



(16) 



vY M 
\ MO/ 

The 2x2 submatrix in the heavy sector corresponds to the mass term of a heavy Dirac 
neutrino A^ = A^gi, + ^'iR with mass rriM = M, 

M 



M 

T 



{KA + N'^lKr) = - Y + KlKr) = -MN',:^N[^ . (17) 



6 



This definition is consistent with Eqs. (fT2l) . A tiny fight neutrino Majorana mass 



2M2 



(18) 



can be introduced with a LNV entry yU <^ M in the (3, 3) position of this matrix, 
in which case the heavy neutrino is quasi-Dirac, being the masses of the two heavy 
Majorana fields M ± ji/2. For three lepton generations and six fermion triplets (in 
order to yield three heavy Dirac neutrinos) the structure of the neutrino mass matrix 
is the same but Y and M are 3x3 matrices, and they have to be replated by and 
M"^ in the (2, 1) and (3,2) positions of the matrix in Eq. f |T6l) . respectively. 

In the charged sector the mass term is, for one lepton generation. 



(19) 



By inspection of the mass matrix one observes that the 2x2 submatrix in the heavy 
sector corresponds to the diagonal mass term of two Dirac fermions = E'21 + E[^^ 





f 




V2vY 


^ 
















M 




+ H.C 
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J 







E:l 



E{^ + E^pi, both with L = 1 and m, 



M . This is consistent with the 



definition of fields in Eqs. (fT3l) . 

We finally point out that for collider phenomenology (where the energy scale is much 
larger than light neutrino masses, which can then be neglected), Dirac and quasi-Dirac 
neutrinos are equivalent, thus in our simulations we assume that heavy neutrinos are 
Dirac particles. 



3 Heavy Dirac neutrino signals at LHC 

The production processes of heavy Dirac neutrino singlets and triplets are the same as 
for their Majorana counterpartso Dirac neutrino singlets can be produced at hadron 
colliders in the process 

qq' ^W* ^ l^N . (20) 

They can also be produced in qq ^ Z* ^ vN but the resulting signal has at most one 
charged lepton, and is swamped by the background. The charged and neutral members 

^The transition between the Dirac and Majorana cases can be made smooth by varying continu- 
ously the coupHngs and masses in Eq. ((8|, as it happens, for instance, for gluinos and neutrahnos in 
supersymmetry [22]. 
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of a Dirac triplet can be produced in 



qq 
qq 



Z*/^*^EtE7 
. W* EfN , 



(21) 



where Ef refers here to the L = 1 fermions E^ and E2 defined in the previous section. 
The cross sections of these processes are shown in Fig. [TJ The decays are different in 
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Figure 1: Cross sections for heavy Dirac neutrino singlet (left) and fermion triplet 
production (right). In the latter case the production of both charged leptons E^ and 
E2 is summed and the triplet masses are taken equal, = tun = rn^±. 



the Dirac and Majorana cases, however. Heavy Dirac neutrinos decay in the channels 
N -> Zui and N ^ Hvi, but not in the LNV mode N Wi^, which 
leads to like-sign dilepton signals in l^^N production when is a Majorana fermion (for 
a complete study see Ref. [23]). The interactions of a heavy Dirac neutrino singlet can 
be found in Ref. [27], and the relevant Feynman rules are collected in the Appendix. 
The partial widths for A^ decays, both in the singlet and triplet 



r.. / ,9ml f Ml\ ( Ml M% 



For heavy charged leptons the decays are different in the Dirac case too. Since E2 
does not couple to charged leptons, it always decays in the E2 — > i^iW~^ channel. The 
opposite happens for E^ , which does not decay in this mode but in E^ l~ Z/H. 
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The corresponding partial widths are 

327r m% J \ mj^ m% J 

The simulation of the seesaw I and III signals with Majorana neutrinos and the 
SM backgrounds has been previously performed in Ref. [20]. Here we generate the 
signals corresponding to Dirac neutrinos and compare with the former ones, taken 
from that study. In our simulations, the heavy Dirac neutrino singlet signal in Eq. (l20ll 
is calculated with the Alpgen extension in Ref. [23]. The triplet signals in Eqs. ( l2Ti l are 
calculated implementing the processes for Dirac neutrinos in Eqs. (|2T1) in the generator 
Triada [20]. The matrix elements for the 2 — 6 processes are calculated taking finite 
width and spin effects into account. All the decay channels of the heavy leptons and the 
subsequent W/Z/H boson decays are included, which is a cumbersome task involving 
144, 25 and 578 final states for E^E^, E2E2 and EfN production, respectively. 
SM backgrounds include ttnj (where nj stands for n additional jets at partonic level), 
single top, W/Znj, W/Zbbnj, diboson and triboson production plus jets, and other less 
important processes. They are all generated with Alpgen [24]. Signal and background 
events are passed through the parton shower Monte Carlo Pythia [25] and a fast 
simulation of the ATLAS detector [26]. Further details about the signal and background 
generation can be found in Ref. [20]. As it has been done in that work, here we 
classify signals by lepton multiplicity and compare the possible final states to find the 
differences between the Dirac and Majorana cases. 

It must be pointed out that, since the Dirac and Majorana neutrino amplitudes are 
different (although the interactions are formally the same, in the latter case = A^'^), 
one expects to find different angular distributions, for example the forward-backward 
asymmetry in the W rest frame Ap^ [27]. Nevertheless, measuring this asymmetry is 
very difficult. Its value is proportional to M^/m^, and for a 300 GeV Dirac neutrino it 
is already very small, Ap^ = 0.094, and measuring it requires high statistics. Moreover, 
its measurement requires either to distinguish between the two quarks produced in the 
hadronic W decay, or, in leptonic W decays, to distinguish between the charged lepton 
produced in W ^ and the other leptons present in the event. For charged heavy 
leptons Ef the decay matrix elements are the same in the Dirac and Majorana cases, 
so that asymmetries are equal. This happens even in the charged current decay of E2 , 
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where the chirahty of the couphng involved is different in the Dirac and Majorana cases 
but the charge of the heavy lepton too, with the net result that the amplitudes are the 
same. As we will find, the discrimination between Dirac and Majorana neutrinos in 
terms of charged lepton multiplicities is much more interesting. 

3.1 Neutrino singlets 

For Dirac and Majorana neutrino singlets we examine final states with (a) three leptons 
i'^i'^i^X and (b) two like-sign leptons where i = e,fi and X denotes possible 

additional jets. We take the same heavy neutrino parameters used in Ref. [20] for 
Majorana neutrinos, that is, m^v = 100 GeV and two scenarios: coupling only to the 
electron with V^j^ = 0.0030 (SI) or, alternatively, only to the muon with V^^^ = 0.0032 
(S2). We also use the same pre-selection and selection criteria and reconstruction cuts, 
summarised below for completeness. Further details, in particular regarding the mass 
reconstruction, can be found in Ref. [20]. 

(a) Three leptons C'^l^P^ . Pre-selection: three leptons with total charge ±1, the two 
like-sign ones having transverse momentum pt > 30 GeV. Two event samples 
are considered, one with two or more electrons (2e) and the other one with two 
or more muons (2/i). Selection and reconstruction: the opposite pairs cannot 
have an invariant mass closer to Mz than 10 GeV; no b jets can be present; the 
transverse angle between the like-sign pair 0^ must be larger than n/2; missing 
energy ]/r< 100 GeV; reconstructed mass of the heavy neutrino mj^*^ < 125 GeV. 

(b) Two like-sign leptons Pre-selection: two like-sign leptons with pt > 30 
GeV. Two different event samples are considered: with two electrons and with 
two muons. Selection and reconstruction: at least two jets with pt > 20 GeV, 
with no 6-tagged jets; ]/t< 30 GeV; < 7r/2; m'^^ < 180 GeV. 

The number of events for 30 fb~^ with these criteria is collected in Table [T] for the heavy 
neutrino signal in scenarios SI and S2, in case that the heavy neutrino has Majorana or 
Dirac character. The SM background is also included. It is very interesting to observe 
that heavy Dirac neutrinos could be observed at LHC in the trilepton final state. 
This fact contradicts previous common wisdom that heavy Dirac neutrino signals are 
overwhelmed by the SM background (which is actually huge for the final state with two 
opposite sign leptons For a Dirac neutrino with m^v = 100 GeV the trilepton 

signal is actually larger than for a Majorana neutrino. This is easily understood from 
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kinematics. The two processes giving trilepton signals are 

gg' ^ tN trW^ trtv (LNC) , 

qq' tN ttW- e+e+e-jy (LNV) , (24) 

plus the charge conjugate. In the LNV process the lepton from decay (which has the 
same charge as the one produced in association with A^) is very soft due to the small 
rriN — Mw mass difference, so this signal is very suppressed by the cut pr > 30 GeV 
on like-sign leptons. (This cut is necessary to suppress the ttnj background, where a 
softer like-sign lepton results from the decay of a 6 quark.) Actually, for a Majorana 
neutrino most of the events in this final state come from the lepton number conserving 
(LNC) process, where the like-sign lepton results from W decay. For a Dirac neutrino 
the LNV decay is absent and the LNC decay has a branching ratio twice as large, so 
that the trilepton signal is enhanced. Assuming a 20% background uncertainty, the 
Dirac heavy neutrino signal could be observed with 5a significance with a luminosity 
of 13 fb~^ in scenario S2, while for scenario SI the discovery significance cannot be 
achieved unless the background is known with a better precision. 

Conversely, like-sign dilepton signals, which have similar significance as trilepton 
ones for a Majorana neutrino, are practically absent for a Dirac neutrino (like-sign 
dileptons can still be produced with a much lower rate from the LNC decay in Eq. (I24ll 
when i~ is missed by the detector). Then, a Dirac neutrino might be identified with 
an event excess in the trilepton channel without any like-sign dilepton signal, while a 
Majorana neutrino would give signals in both channels with similar significance [20]. 



3.2 Fermion triplets 

Fermion triplet production gives signals with up to six leptons. The differences with 
respect to the Majorana case are originated by the absence of the LNV decay A^ 



ttt (2e) ttt (2/i) tt (2e) tt (2/i) 



N (S1,M) 


28.6 





11.3 





N (S1,D) 


44.8 





0.4 





N (S2,M) 





29.6 





13.4 


N (S2,D) 





45.8 





0.5 


SM Bkg 


116.4 


45.6 


36.1 


20.2 



Table 1: Number of events with 30 fb ^ for the Majorana (M) and Dirac (D) neutrino 
singlet signals in scenarios SI and S2, and SM background in different final states. 
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i'^W~ and of the mixed decays of an E^E~ pair giving a and a Z/H boson. 
The cross section is two times larger in the Dirac case, because and E2 are both 
produced. We take a triplet mass of 300 GeV, and assume that it only couples to the 
electron (for a coupling to the muon or to both the results are very similar, as argued 
in Ref. [20]). The final states examined, with a summary of pre-selection and selection 
criteria and reconstruction cuts, if any, are: 

(a) Six charged leptons. Pre-selection and selection: six charged leptons, two of them 
with pt > 30 GeV and the rest with pt > 15 GeV (for electrons) and pr > 10 
GeV (for muons). 

(b) Five charged leptons. The same as above but with five leptons instead of six. 

(c) Four leptons i'^i^i'^i^. Pre-selection: four leptons with total charge Q = ±2, 
two of them with pt > 30 GeV. Selection and reconstruction: reconstructed E 
mass m^*^ between 280 and 320 GeV. 

(d) Four leptons . Pre-selection: four leptons with total charge Q — 0, two 
of them with pr > 30 GeV. Selection: events do not have two opposite sign pairs 
both with an invariant mass closer to Mz than 5 GeV. Reconstruction: rrf£'^ 
between 280 and 320 GeV. 

(e) Like-sign trileptons Pre-selection: three like-sign leptons, two of them 
with Pt > 30 GeV. Selection: px > 50 GeV for the leading and sub-leading 
leptons. 

(f) Three leptons £^£^£^. Pre-selection: three leptons with total charge Q = ±1, 
the two like-sign ones with px > 30 GeV. Selection: none of the two opposite- 
sign pairs has invariant mass closer to Mz than 10 GeV. Reconstruction: two 
additional jets with pt > 20 GeV; m^*^ and m^*^ between 240 and 360 GeV. 

(g) Like-sign dileptons i^£^. Pre-selection: two like-sign leptons with pt > 30 GeV. 
Selection: 2/t< 30 GeV; four jets with pt > 20 GeV. Reconstruction: both heavy 
lepton invariant masses m^ijj, iTie^jj between 250 and 350 GeV. 

(h) Opposite-sign leptons £^£~ . Pre-selection: two opposite-sign leptons with px > 
30 GeV; four jets with pr > 20 GeV. Selection: ^ < 30 GeV; leading lepton 
momentum p^ > 100 GeV; the two-jet invariant masses rrij^j^ and rrij^j^ which 
reconstruct the two bosons must be between 50 and 150 GeV. Reconstruction: 
both heavy lepton invariant masses m^j^j, rui^jj between 260 and 340 GeV. 
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6i 


5i 














£± 


S (M) 


0.6 


10.6 


17.4 


55.7 


10.2 


110.3 


177.8 


178.7 


232.4 


S(D) 


1.9 


21.4 


9.1 


173.4 


2.9 


194.4 


4.4 


607.0 


314.9 


SM Bkff 


0.0 


0.9 


2.5 


14.3 


1.9 


15.9 


19.5 


548.3 


1328 



Table 2: Number of events with 30 fb ^ for the fermion triplet signals with Majorana 
(M) and Dirac (D) neutrinos, and SM background in different final states. 



(i) One charged lepton Pre-selection: one charged lepton with px > 30 GeV; 
> 50 GeV; the charged lepton and missing energy must have transverse mass 
larger than 200 GeV; four jets with pt > 20 GeV, and no 6-tagged jets. Se- 
lection: charged lepton with p^ > 100 GeV; the two-jet invariant masses rrij-^j^ 
and rrij^j^ which reconstruct the two bosons must be between 50 and 150 GeV. 
Reconstruction: mejj between 260 and 340 GeV; mujj between 200 and 400 GeV. 

The details of the mass reconstructions and kinematical distributions are very lengthy 
to be reproduced here, but can be found in Ref. [20]. 

The number of events with 30 fb~^ after these criteria is collected in Table [2] for the 
fermion triplet signals in case that the heavy neutrino has Majorana or Dirac character. 
(Note that for a Dirac triplet the total production cross sections are twice larger.) The 
most relevant differences with respect to the Majorana case are the enhancement (by 
more than a factor of three) of the signal in the final state and the absence 

of a significant like-sign dilepton signal. In the i'^i'^i'^ mode the Dirac signal is 1.75 
times larger, too, which makes this channel the most interesting for Dirac neutrino 
triplet discovery. Then, a fermion triplet with a Majorana neutrino is characterised by 
the presence of trilepton and like-sign dilepton signals with similar significance, and 
a smaller i~^£~^£~£~ signal [20] while if the heavy neutrino has Dirac nature the like- 
sign dilepton signal is absent and the four lepton signal has the same significance as 
the trilepton one. For the triplet mass assumed, 5cr significance with a heavy Dirac 
neutrino can be achieved with 1.5 and 1.7 fb~^ in the £'^£'^£'^ and £~^£~^£~£~ final 
states, respectively. Further interesting differences are found in some of the remaining 
channels. In the five lepton channel, the Dirac signal could be observed with 14 fb~^, 
half the luminosity required for the Majorana case. The opposite-sign lepton channel 
is also enhanced in the Dirac case (as expected) but the background is larger and it 
cannot compete with the cleanest modes {5a for 6 fb~^). Conversely, the and 
£^£^£^ channels, for which the main contributions to the signals involve LNV neutrino 
decays, are suppressed if the heavy neutrino has Dirac character. 
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4 Summary 



In this Letter we consider the Dirac variant of seesaw type III, in which one or more 
heavy neutrinos are Dirac particles. We write down the interactions of the new heavy 
Dirac neutrino and its two charged lepton partners , E2 . It has also been shown 
that, analogously to seesaw I, heavy quasi-Dirac neutrinos arise naturally if one assigns 
lepton number L = 1,L = — Ito two fermion triplets and requires that lepton number 
breaking is small in the heavy sector. We have then studied the observability of heavy 
(quasi-)Dirac neutrino singlets and triplets. 

Our analysis shows that Dirac and Majorana neutrino singlets and triplets can be 
clearly distinguished by looking for their signals in different final states. The differences 
are apparent, as it can be observed in Tables [1] and El We have to remember that the 
total cross section for a Dirac triplet (composed by two Majorana triplets) is two times 
larger than for a Majorana one. In the singlet case the charged current couplings are 
assumed to be the same for heavy Dirac and Majorana neutrinos, and equal to the 
upper limit from precision electroweak data, and then the production cross sections 
are the same too. In some final states the signal enhancements for a Dirac neutrino 
(compared to a Majorana one) can be up to a factor of three, while some final states 
present in the Majorana case, namely like-sign dileptons, are absent or very small. The 
kinematics and distributions of the new signals are very similar to the corresponding 
ones for Majorana neutrinos, presented with great detail in Ref. [20], with the exception 
of the LNV final states which are not produced in the Dirac case. 

We have found the somewhat unexpected result that heavy Dirac neutrino sin- 
glets coupling to the muon could be observable at LHC in the trilepton channel 
achieving So" significance with a luminosity of only 13 fb~^ for = 100 
GeV, V^^ = 0.0032. For heavy triplets the prospects are much better, with discovery 
for only 1.5 fb~^ for a triplet mass of 300 GeV in the trilepton channel alone. This 
excellent discovery potential confirms the trilepton channel as the most interesting for 
the investigation of seesaw III at LHC, in the Dirac as well as in the Majorana case 
(there the sensitivity is slightly worse than for the like-sign dilepton final state but the 
presence of a heavy neutral lepton can be established with the mass reconstruction and 
charge determination). 

It is worth remarking that the heavy Dirac neutrino discovery potential depends on 
very few parameters. In the case of neutrino singlets these are the heavy neutrino mass 
and its mixing angle. While the dependence on the mixing angle is trivial because cross 
sections scale with |VzArp, the dependence on the neutrino mass is more complicated, 
resulting from the interplay of several factors: (i) the total production cross section. 
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which decreases with the mass; (ii) decay branching ratios, where for m^v > a 
new decay channel opens reducing the hke-sign dilepton and trilepton signals; (iii) 
detection efficiencies, which significantly grow with mN in the range studied; (iv) the 
SM background, which is relatively large in the region of small transverse momenta, 
and whose size also depends on the kinematics of the signal. Hence, although an 
accurate estimate requires a detailed simulation, an educated guess gives a discovery 
reach slightly above = 100 GeV with 30 fb~^. 

In the triplet case only the mass is relevant because the production cross section 
does not depend on the mixing (it only determines possible vertex displacements if 
it is very small [16]). Moreover, in this case the SM background is tiny and the 
discovery potential is essentially determined by the production cross section, whose 
dependence on the common triplet mass is shown in Fig. [T] (right). Thus, masses 
up to approximately 700 GeV could be discovered with 30 fb~^ This discovery limit 
is slightly lower than the one estimated for a Majorana triplet (750 GeV) despite the 
production cross section being twice larger. The reason for this apparent paradox is 
simple: for a Dirac triplet the LNC signatures are enhanced with respect to the LNV 
ones, as it can be observed in Table [2l Then, the signal in the cleanest channels, which 
determine the discovery potential, is almost the same in both cases for equal values 
of the mass. Finally, it should be stressed that the main objective of the simulations 
presented here is to show how the Dirac and Majorana cases could be distinguished if 
a positive signal is observed. In this way, this study complements the general analysis 
in Ref. [20] for minimal seesaw models with Majorana neutrinos. 
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A Feynman rules 



We give here the Feynman rules used in our matrix element calculations. Lepton 
number is conserved except for effects proportional to light neutrino masses (which 
can be taken to be zero at high energy) , and all vertices conserve lepton number, with 
the peculiarity that for the charged lepton E2 the particle is positively charged and 
the antiparticle has negative charge. 



w+ 




Et Ei Ei Ei 



Table 3: Feynman rules for heavy fermion triplet gauge interactions. For clarity, in 
charged current interactions we indicate the charge of the incoming W boson. 
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Table 4: Feynman rules for heavy Dirac neutrino singlet {rj = 1) and triplet {rj = — 1) 
interactions with SM fermions. 




Table 5: Feynman rules for heavy charged lepton interactions with SM fermions. For 
clarity, in charged current interactions we indicate the charge of the incoming W boson. 
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